Ischemic stroke causes a high mortality and morbidity worldwide. It results from a complex interplay of incompletely known environmental and genetic risk factors. We investigated the ABCC6 gene as a candidate risk factor for ischemic stroke because of the increased ischemic stroke incidence in the autosomal recessive disorder pseudoxanthoma elasticum, caused by biallelic pathogenic ABCC6 variants, the higher cardiovascular risk in heterozygous carriers and the established role of ABCC6 dysfunction in myocardial ischemia. We established segregation of a known pathogenic ABCC6 variant (p.
INTRODUCTION
Stroke, one of the leading causes of death and long-term disability worldwide, is known to have a heterogeneous etiology. In ischemic stroke, accounting for over 80% of stroke events, known risk factors (arterial hypertension, dyslipidemias, diabetes mellitus, tobacco use) are often insufficient to explain stroke risk, suggesting that other risk factors and pathways are involved (6, 11, 12) . Studies in twins, families and animal models provide substantial evidence for a genetic contribution to ischemic stroke (11) , which can either occur in the context of monogenic disorders or, more frequently, result from the interplay between modifiable risk factors and genetic susceptibility (6, 12) . Several association studies and meta-analyses described associations of DNA variants with an increased or decreased risk of stroke, while linkage studies identified a number of possibly involved gene loci (5, 8, 15, 18, (27) (28) (29) 36) .
One of the monogenic disorders occasionally associated with stroke is pseudoxanthoma elasticum (PXE; OMIM No. 264800). This autosomal recessive disorder is characterized by mineralization and fragmentation of elastic fibers in the extracellular matrix and is caused by pathogenic variants in the ABCC6 gene (ATP-binding cassette subfamily C member 6; OMIM*603234), encoding an ATP-dependent transmembrane transporter, the function of which remains unclear (31) . PXE affects the skin (coalescent yellowish papules in flexural body areas), the eyes (retinopathy with angioid streaks and choroidal neovascularization leading to vision loss) and the cardiovascular system (peripheral artery disease) (41) . We and others have observed a significant increase in the incidence of ischemic stroke in PXE patients, suggesting that ABCC6 deficiency, caused by a reduced ABCC6 expression or an impaired ABCC6 function, may play an important role in stroke pathophysiology (23, 50) . Further, heterozygous carriers of one pathogenic ABCC6 variant (eg. parents and offspring of a PXE patient) also have a higher risk to develop cardiac dysfunction and peripheral artery disease, although the skin and ocular features of PXE are less common (7, 25, 49, 50) .
Next to its role in PXE, chronic ABCC6 dysfunction is reported in other diseases, such as β-thalassemia, a known PXE phenocopy, and chronic kidney disease (2, 30, 35) . Additionally, Abcc6-deficient mice show Bmp (bone morphogenetic protein) and Tgfβ (transforming growth factor β) dysfunction in induced acute cardiac ischemia (33, 38, 42) . A similar BMP and TGFβ dysfunction was shown by us in PXE patients (20) . Interestingly, previous reports demonstrated a resemblance of genetic susceptibility and pathomechanisms underlying cardiac and brain ischemia (13, 22, 24, 39, 44) .
All these examples demonstrate that the role of ABCC6 is diverse and is not confined to the regulation of calcification alone (10) . However, little is known about a possible association between heterozygous pathogenic ABCC6 variants and sporadic ischemic stroke (10) . As the carrier frequency of a pathogenic variant in the ABCC6 gene in the general population has been estimated to ~1%, an association with a highly prevalent disease like ischemic stroke could be important for public health (9) .
We investigated a large multigenerational family of individuals suffering from recurrent ischemic cerebro-and/or cardiovascular events, in which molecular analysis revealed segregation of a heterozygous pathogenic ABCC6 variant with the cerebro-and cardiovascular phenotype. To further evaluate the relevance of these variants in ischemic stroke, we performed ABCC6 sequencing in a cohort of 424 consecutive ischemic stroke patients compared to age-and sex-matched healthy controls.
In a last part of this study, we further elucidated the pathophysiological mechanisms underlying the higher risk for cerebrovascular disease in ABCC6-related disease. We hypothesized that Bmp and Tgfβ signaling pathways are involved in ischemic stroke because these pathways are dysfunctional in induced acute cardiac ischemia in Abcc6-deficient mice and there is evidence of overlapping signaling pathways and genetic susceptibility between ischemic stroke and acute myocardial infarction (13, 22, 24, 38, 39, 44) .
MATERIALS AND METHODS

Autosomal dominant cerebrovascular disease family
Twenty family members of a multigenerational family were evaluated at the Center for Medical Genetics Ghent (Table 1 and Figure 1 ). In the proband (III-2), molecular analysis of the ABCC6 coding region was performed as detailed below. Next, segregation analysis and an assessment of vascular risk factors (hypertension, diabetes, dyslipidemia, tobacco use, overweight) was performed in 19 family members ( Supporting Information Table S1 ). Carriers and PXE patients underwent a standard PXE clinical workup, consisting of a thorough ophthalmological workup, including Best-Corrected Visual Acuity measurement, slit-lamp and Goldmann visual field examination, macular optical coherence tomography, and fundus imaging with white light and autofluorescence. Further, arterial duplex ultrasounds of the carotids, vertebral arteries and the arteries of the lower limbs were performed, as well as an echocardiography, an abdominal and, in males, a testicular ultrasound.
Independent ischemic stroke patient cohort
Consecutive patients admitted to the Stroke Unit of the Ghent University Hospital with a proven diagnosis of ischemic stroke were approached for written consent to participate in the study. In case of will inaptitude, the next of kin gave informed consent. Patients with cerebral hemorrhage or cerebral venous thrombosis were not included in the study.
On admission for their stroke a detailed medical history, including baseline demographic data (age, sex), vascular risk factors and previous treatments, was obtained in all patients (Table 2 ). All patients had a complete clinical evaluation, including a full cardiovascular examination. This cardiovascular workup included ECG, chest X-ray and routine blood analyses, Doppler sonography of the extracranial arteries, 24-72h electrocardiogram monitoring and transthoracic echocardiography. A CT scan of the brain was performed at the time of admission (ischemic stroke diagnosis) and repeated within 2 weeks. Transesophageal echocardiography, cerebral MRI, and MR angiography and/or conventional angiography were carried out at the discretion of the clinician.
The stroke types were classified according to the Trial of ORG 10172 in acute stroke treatment criteria (1) .
The control population consisted of a group of 250 Belgian individuals, age-and sex-matched with the study group, undergoing a routine check-up and presenting Alcohol intake >4/d
Tobacco use Each patient in whom segregation of the familial pathogenic ABCC6 variant was examined, is mentioned in this table. For each patient, coded by the pedigree identifier, age, sex, and
ABCC6
mutational status are noted, as well as relevant medical history (only cardio-and/or cerebrovascular) and information regarding known cardio-and cerebrovascular risk factors. Alcohol use is considered excessive when on average more than 3/4 units/day (or more than 7/14 units/week) are consumed (Female/Male). For tobacco use three categories are used: never smoked or quit smoking more than 10 years ago (N), quit smoking <10 years ago (Q) and currently smoking (Y). In patients, hypertension is diagnosed when the blood pressure is >140/90 mm/Hg; diabetes mellitus is diagnosed when the patient's glycemia is >126 mg/dL. The risk factor weight is divided in no overweight (BMI < 25), overweight (BMI 25-30) and obesity (BMI > 30). For total cholesterol levels, the upper threshold of normal values is 190 mg/dL, for triglycerides, HDL-and LDL-cholesterol levels the upper thresholds are laboratory-dependent and mentioned between brackets in the without known cardiovascular events. A blood sample was obtained from patients and controls for molecular analysis of the ABCC6 gene.
Ethical committees
The patient study was approved by the Ethical Committee of the Ghent University Hospital and the Declaration of Helsinki was followed. Regarding the in vitro experiments performed on murine brain tissue slides, this study was approved by the Animal Ethics Committee of Ghent University.
Molecular analysis of the ABCC6 gene
Genomic DNA was isolated from whole blood (QIAamp blood kit, Qiagen ® , Hilden, Germany) according to an established protocol. The complete ABCC6 coding region was amplified using previously described PCR primers (51) . For the detection of the multi-exon 23-29 deletion, primers were used as described by Le Saux et al (31) . The ABCC6 coding region and intron/exon boundaries were analyzed through direct sequencing using an Applied Biosystems 3730xl Sequencer ® , with ABI PRISM BigDye Terminator Cycle Sequencing Kit (Applied Biosystems ® , Foster City, USA). For variant classification the gnomAD, and Alamut ® Visual (Interactive Biosoftware, Rouen, France) were used (14,32). To assess conservation of the variants, multiple sequence alignment was performed for the following species: Homo sapiens, Pan troglodytes, Mus musculus, Rattus norvegicus, and Danio rerio using the Clustal Omega software (46) . Unreported sequence variants were defined as pathogenic based on criteria reported by the American College of Medical Genetics and Genomics and the Association for Molecular Pathology, taken into account that we assessed a complex phenotype, which hinders the determination of the specificity of the phenotype to the variant and complicates segregation analysis if not clear (43) . Nucleotide numbers are derived from gDNA ABCC6 sequences (GenBank accession no. NM_001171). 
Statistical analysis
Occurrence of pathogenic ABCC6 variants in the stroke patient cohort compared with healthy controls was expressed as odds ratios (ORs) with corresponding P-values and 95% CIs. The significance level was set at α = 0.05. Logistic regression analysis was used to assess modification of pathogenic ABCC6 variant-stroke interaction by cardiovascular risk factors (hypertension, dyslipidemia, diabetes mellitus, tobacco use).
Immunostaining in murine brain tissues
Formalin-fixed paraffin-embedded brain tissues of 13-month-old Abcc6−/− and age-, sex-, and strain-matched wildtype mice were provided by Prof. Dr. O. Le Saux (C57/BL/6J background). To enable a comparison, tissue slides were matched based on tissue cellularity. Tissues were deparaffinized, using xylene and ethanol (100% and 95%). Heat-induced antigen retrieval was performed using a 1× citrate (Bmp4) or 1× EDTA (ethylenediaminetetraacetic acid) (Bmp9, Eng, Alk2) buffer. Tissue slides were incubated in blocking buffer (5% bovine serum albumin in tris-buffered saline, 0.05% Tween 20 [TBST]) for 1 h. Next, sections were incubated overnight with primary antibody diluted in blocking buffer (dilution 1/100 for Bmp9, Eng and Alk2; 1/200 for Bmp4) or with blocking buffer only for negative control sections, followed by washes of TBST the next day. Detection was performed using an Alexa Fluor ® 488 or 594 dye (Invitrogen; Carlsbad, USA) donkey anti-rabbit secondary antibody diluted in blocking buffer (1/100). To exclude aspecific background staining, for each of the conditions sections only stained with the secondary antibody were used as a negative control.
Antibodies used for immunostaining
Bmp4 (ab39973; Abcam, Cambridge, UK), Bmp9 (ab35088; Abcam, Cambridge, UK), Alk2 (ab60157; Abcam, Cambridge, UK) and Eng (ab107595; Abcam, Cambridge, UK).
RESULTS
The pathogenic p.(Arg1314Gln) variant in the ABCC6 gene segregates with ischemic disease in a multigenerational family
A 65-year-old woman (III-2) was referred to the Center for Medical Genetics Ghent after suffering from multiple ischemic strokes, one of which was associated with a right vertebral artery dissection. Her pedigree (Figure 1 ) suggested an autosomal-dominant inheritance pattern for cardio-and cerebrovascular events in the maternal branch. The proband's mother (II-1) and two of her siblings (II-4, II-5) died due to an acute myocardial infarction, two siblings died due to ischemic stroke (II-2, II-3), and two of other causes (II-6, II-7). Two of the proband's maternal cousins also died due to ischemic stroke (III-10, III-11).
The mean age for the occurrence of a cardio-and/or cerebrovascular event in this family was 57 years (range: 50-65 years). As a consequence of the personal and family history for acute cerebro-and cardiovascular disease, a genetic contributing factor was suspected for the increased cerebroand cardiovascular risk in this family. Therefore, molecular analysis of the NOTCH3 gene (notch, drosophila, homolog of 3; OMIM*600276) and GLA gene (alpha galactosidase; OMIM*300644) was performed. Defects in these genes cause genetic diseases, respectively cerebral arteriopathy with subcortical infarcts and leukoencephalopathy 1 (CADASIL; OMIM#125310) and Fabry disease (OMIM#301500), with a known significantly increased risk of stroke in affected patients. These analyses did not identify pathogenic defects. Next, the ABCC6 gene was screened in the diagnostic workup of the proband, due to its association with ischemic stroke in PXE patients and cardiovascular disease in PXE patients and carriers of only one pathogenic ABCC6 variant (see above), revealing a heterozygous p. No members of the unaffected branches of the family agreed to participate in the segregation analysis. For all participating family members (n = 19), susceptibility factors for cardio-and cerebrovascular disease were assessed (Table 1 and Supporting Information Table S1 ). Next, 8/9 heterozygous carriers underwent further technical investigations, revealing signs and symptoms similar to PXE patients in some (Supporting Information Table S2 ).
Heterozygous pathogenic ABCC6 variants are associated with ischemic stroke in an independent patient cohort
The study group consisted of 424 unrelated patients admitted with ischemic stroke (262 men, 162 women; mean age 69 years (range: 22-86 years)) and 250 control individuals (126 men, 124 women, mean age 67 years [range: years]) (Supporting Information Table S1 and Table 2 ). Most ischemic stroke cases were due to large vessel disease (213/424; 50%) or were cardioembolic (89/424; 21%). The rest of the stroke cases were due to small vessel disease (85/424; 20%) or other/unclear causes (37/424; 9%). We analyzed the ABCC6 coding region and evaluated the presence of the recurrent multi-exon deletion spanning exons 23 through 29 to examine the presence of pathogenic ABCC6 variants. A total of 16 pathogenic variants were identified in the ischemic stroke patient cohort, all in the heterozygous state. Three variants were recurrent, that is the frequent p.(Arg1141*) nonsense pathogenic variant, the multi-exon 23-29 deletion and the previously reported frameshift variant c.4104delC (Table 3) . The other variants were unique and included two previously reported and six new missense variants. For the previously unreported variants, variant classification was performed by in silico prediction of their effect and the frequency, conservation, and localization in the ABCC6 gene (Supporting Information Table S3 and Figure S1 ). Information Table S4 ).
Besides these pathogenic variants, several other ABCC6 variants were detected, most of which were intronic and were predicted not to affect splicing. Of these variants, p.(Gln1390Glu) was found in three patients and p.(Ala1291Thr) and c.4208 + 9G > A each in one patient. Although some of the prediction tools suggest these variants are causal, the overall evidence remains conflicting. Therefore, these variants are considered as variants of unknown significance.
The clinical characteristics of the stroke patients in which a heterozygous pathogenic ABCC6 variant was found are listed in Table 3 . The mean age of these patients (9 female and 7 male) was 64 years (range 40-79 years). Ten patients (10/16; 62.5%) presented with large vessel disease. The remaining patients suffered from small vessel disease (3/16; 18.75%) or cardioembolic stroke (3/16; 18.75%). Six out of 16 patients had a history of one or more previous cerebrovascular disease episode(s), with a mean age at first event of 62 years. A positive family history of stroke was found in three patients. Supporting Information Table S5 lists additional cerebral imaging features in the stroke patients with one pathogenic ABCC6 variant: 3/16 had parenchymatous calcifications, 1/16 vascular calcifications, 7/16 had white matter lesions.
Immunostaining of brain tissue in an Abcc6−/− mice shows Bmp, Eng and Alk2 signaling dysfunction
Previously, Bmp and Tgfβ signaling pathway dysfunction was shown in acute cardiac ischemia in Abcc6-deficient mice, with specific dysregulation of Bmp4 and Bmp9 (OMIM*112262 and OMIM*605120), Alk2 (Activin receptorlike kinase 2; OMIM*102576) and Eng (Endoglin; OMIM*131195) leading to an increased infarct size and apoptosis (38) . Given the similarities between the pathophysiology and genetic susceptibility in ischemic stroke and acute myocardial infarction, we specifically performed immunostaining of these targets in brain sections of Abcc6−/− and Abcc6+/+ mice (13, 22, 24, 38, 39, 44) . We identified a diffuse upregulation of Bmp4 and Eng expression and a downregulation of Alk2 in Abcc6−/− mice. Further, expression levels of Bmp9 were low in brain tissue sections of both wild-type and knockout mice, hampering a definite conclusion regarding a potential differential expression of Bmp9 in the brain sections (Figure 2 ).
DISCUSSION
Ischemic stroke is observed in a number of monogenic disorders, one of which is PXE. Nonetheless, the majority of strokes have a multifactorial etiology with a heterogeneous genetic background, most likely of polygenic nature, and influences of classical vascular risk factors.
Due to the increased incidence of cerebro-and cardiovascular disease in PXE families and the role of the ABCC6 transporter in cardiac ischemia, the hypothesis of pathogenic ABCC6 variants as genetic vascular risk factors is plausible. Previous studies evaluating the frequency of the more common p.(Arg1141*) pathogenic ABCC6 variant in patients with unexplained cardiovascular disease and stroke showed conflicting results (19, 25, 49) .
We had the opportunity to examine a multigenerational family ( Figure 1 ) and confirmed segregation of a heterozygous pathogenic ABCC6 variant with cerebrovascular accidents and acute myocardial infarction at a relatively young age. In some of the heterozygous carriers cardiovascular and ophthalmological signs and abdominal ectopic mineralization were identified, comparable to what is seen in PXE patients with biallelic pathogenic ABCC6 variants. Interestingly, we identified two novel PXE patients, due to a co-inherited second pathogenic ABCC6 variant, presenting with a classic PXE phenotype.
Following our observations in this family, we sought to further clarify the role of pathogenic ABCC6 variants in ischemic stroke. Molecular analysis revealed a heterozygous pathogenic ABCC6 variant in 16/424 patients with ischemic stroke (3.8%) and 2/250 healthy controls (0.8%), leading to an OR of 4.9 to develop ischemic stroke in these heterozygous carriers. In the general population the carrier frequency of a pathogenic ABCC6 variant is estimated at ~1% (9) . If the OR to develop ischemic stroke is calculated for the frequency of a pathogenic ABCC6 variant in the stroke patient cohort (16/424) compared to the estimated frequency in the general population (1/100), this results in an OR of 3.9 which is comparable to the OR of 4.9 in our study (16/424 in the patient cohort vs. 2/250 in the control cohort). This further underlines the validity of the results of this study. Classical risk factors, including tobacco use, hypertension, diabetes mellitus, and dyslipidemia, did not significantly modify the interaction between the variants and the stroke episode.
The stroke phenotypes associated with the identified pathogenic ABCC6 variants are diverse, including large vessel disease as the main stroke type but also small vessel disease and cardioembolic stroke. This distribution concurs with previous observations in PXE patients (9, 50) . The heterogeneity of stroke phenotypes associated with pathogenic ABCC6 variants, hinders the delineation of a specific subgroup of ischemic stroke patients that might be prone to such variants. Importantly, a negative family history should not lead to the conclusion that a genetic influence is unlikely. In the independent stroke patient cohort none had significant intracerebral vascular or parenchymatous calcifications or anatomical malformations, which were previously identified in PXE patients (23) . Some patients had intracerebral calcifications although most likely age-related. In the studied family, only one family member, not carrying the variant (III-4), had white matter lesions and carotid siphon calcifications, although in accordance with his age.
Our findings concur with the previously suggested increased cardiovascular risk in heterozygous carriers of pathogenic ABCC6 variants and implicate yet another member of the superfamily of ABC transporters, responsible for drug resistance, in the diseased brain (3, 47, 48) . In this matter, an increased ABCB1 (ATP-binding cassette, subfamily B, member 1; OMIM*171050) expression was found after stroke, having a deleterious effect on neuroprotective agents (48) . On the contrary, 2 variants in ABCA1 (ATP-binding cassette, subfamily A, member 1; OMIM+600046), the causal gene for Tangier disease-were found to be associated with a decreased risk for ischemic stroke (3) .
To further elucidate the pathophysiology underlying the increased ischemic stroke incidence in carriers of one pathogenic ABCC6 variant, we performed immunostaining of targets in the Bmp and Tgfβ signaling pathways (Bmp4, Bmp9, Alk2, Eng). We identified a Bmp4 upregulation in the Abcc6-deficient brain, a protein with confirmed proapoptotic characteristics in cardiomyocytes (40) . In the central nervous system, Bmp4 induction is seen in animal models of a.o. stroke (16) . Further, we identified a downregulation of Alk2, also leading to an increase in apoptosis (42) . Finally, we found an upregulation of Eng in the Abcc6-knockout mice. ENG is induced in hypoxia and is essential for efficient Vascular endothelial growth factor (VEGF)-induced angiogenesis, which together with apoptosis is induced in ischemic conditions, including ischemic stroke (4, 17, 21, 26, 34, 37, 45, 52) . Overall, we suggest that there is a pro-ischemic state in brain tissue of Abcc6-deficient mice, which could explain the higher risk to suffer from ischemic stroke in patients carrying a pathogenic ABCC6 variant, as this may lower the threshold to develop acute ischemic events in these patients.
The main limitations of this study are the relatively smaller sample size and the heterogeneity of the patient group suffering from multiple stroke subtypes, which leads to a wider background variation. This makes it more difficult to demonstrate small differences between the groups, as is demonstrated by the relatively wide CI of the OR. Notwithstanding this limitation, we were able to show a significantly increased presence of pathogenic ABCC6 variants in the stroke patient cohort compared with healthy age-and sex-matched controls, independent of other risk factors. To further validate these results, independent replication studies should be performed before definite conclusions can be drawn. On the other hand, the presence of a pathophysiological analysis supporting the cohort data makes our findings valuable in implicating heterozygous pathogenic ABCC6 variants in non-syndromic stroke, providing a basis for future studies.
In conclusion, we identified segregation of a heterozygous pathogenic ABCC6 variant in patients suffering from recurrent ischemic cerebro-and/or cardiovascular disease in a large multigenerational family. In an independent ischemic stroke cohort, pathogenic ABCC6 variants were 4.9 times more frequent compared with healthy controls suggesting ABCC6 deficiency as a cerebrovascular risk factor. By identifying dysregulated Bmp and Tgfβ signaling in the brain of Abcc6-deficient mice, we propose that the presence of this pro-ischemic state is at least partially responsible for the higher cerebrovascular risk associated with pathogenic ABCC6 variants. As only a minor trigger may be sufficient to cause an acute ischemic event in these patients, they would benefit from a stricter control of other cerebro-and cardiovascular risk factors, including tobacco use, obesity and hypercholesterolemia, to minimize their risk to develop ischemic stroke or cardiovascular problems. These data suggest the importance of including molecular analysis of the complete ABCC6 coding region in the diagnostic workup of all patients suffering from a cryptogenic ischemic stroke including those with classical vascular risk factors, as this could have important implications for genetic counseling and their follow-up, which is also demonstrated by the diagnosis of two novel PXE patients in the studied multigenerational family.
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